A computational fluid dynamics (CFD) simulation has been performed to study the instability behaviour of water-based magnetorheological fluid (MR fluid) which is being used as a polishing medium of the chemo-mechanical magnetorheological finishing (CMMRF) process. This article deals with the flow behaviour of the dispersed solid phase in a continuous liquid phase due to the gravity-assisted flow, which results in sedimentation of the MR fluid with time.
Introduction
Magnetorheological fluid (MR fluid) belongs to the class of smart fluid 1 whose properties such as shear strength and viscosity are online controllable by magnetic field. The MR fluid has characteristic to change from Newtonian freeflowing fluid to semi-solid-like Bingham plastic fluid reversibly due to the influence of the magnetic field in the response time of few milliseconds. The response time of the order of milliseconds helps to interface between electronic controls and mechanical systems for various engineering applications to realize MR-based active devices such as dampers, clutches and active bearings. 2 In the late 1940s, Jacob Rabinov discovered the MR fluid effects while working at the US National Bureau of Standards. 3, 4 In general, applications of MR fluid have been classified into 4 major categories. These classes are expressed on the basis of operations such as, shear mode, valve mode, squeeze mode and their combination. 5 Among all these modes of operation, squeeze mode can produce the highest stress and pressure. This feature of the MR fluid is being used for nanofinishing of engineering materials using the chemo-mechanical magnetorheological finishing (CMMRF) process. production using the CMMRF operation. Hence, it is necessary to identify sedimentation behaviour of the MR fluid under given environmental conditions. To investigate the sedimentation phenomenon, Feng 9 has reported an analytical approach and has also proposed the techniques to overcome the sedimentation problems such as implementation of surfactant and thixotropic agent as additive and nanoparticle. It is also reported that the sedimentation behaviour without magnetic field is an important parameter to qualify the longterm quality of the MR fluid. However, these MR fluids are hydrocarbon oil-based MR fluids which are not suitable for CMMRF, as CMMRF process uses water-based MR fluid. 8 Hence, there is a need to study and synthesise water-based MR fluid with better stability against sedimentation. In this direction, a computational fluid dynamics (CFD) simulation has been carried out on few sets of MR fluids to understand and find out possible solution at the theoretical level. Moreover, the density functional theory (DFT)-based quantum-chemical computation is carried out to investigate the chemical reaction between iron particles and sodium stearate towards the synthesis of chemically and physically stable water-based MR fluid for CMMRF application. During the CMMRF process, the volume of the magnetic particles is 6 times higher as compared with abrasive particles. 8 In general, the mass density of the abrasive particles such as Al 2 O 3 and SiO 2 is approximately half of the iron particles. Thus, the weight contribution of the abrasive particles is approximately 6%-10% which is very small to affect the mass inertia during particle sedimentation of the MR fluid. Hence, the present work is aimed to study the sedimentation phenomenon with the MR fluids which are prepared without inclusion of the abrasive particles as the sedimentation mainly depends on the sedimentation of the magnetic particles due to gravity, 9 and the magnetorheological properties of the MR fluid depend mainly on the concentration of the magnetic particles. 10 The MR fluid which is discussed in this article can be mixed with the abrasive particles for the CMMRF-based nanofinishing application.
Computational fluid dynamics simulation of water-based MR fluid
In this article, COMSOL 4.3a software has been used for CFD simulation through particle tracing in the fluid medium and subsequently incorporating a suitable post processing to quantify the percentage of sedimentation on the simulated data. In this simulation, the particles are allowed to follow as the Newtonian particles with gravitational force, buoyancy force and viscous force. This work is capable to realize and comprehend sedimentation of the particles of the MR fluid. Eventually, the simulated results have been validated with the experimental results, and the same have been discussed in this section. The CFD simulation parameters are listed in Table 1 . Schematic for this simulation is presented in Figure 1 . Boundary conditions for the simulation are set as follows:
1. All faces such as face 1, face 2, face 3, face 4 and bottom face with zero velocity along normal direction to the faces. 2. Interaction between the particle and the side faces such as faces from 1 to 4; bounce condition is applied. In the bounce boundary conditions, the velocity of the particles after striking the faces becomes equal but opposite in nature along the normal direction as discussed later. The velocity after strike, V = Vi -2 (n.Vi)n, where, 'Vi' is incidence velocity of the particle and 'n' is the normal vector of the face. 3. On the top face, the atmospheric pressure is maintained. 4 . On the bottom face, the particles velocity after the strike is set to zero. Or, no bouncing of the particles. 5. For particle-particle interaction, the interaction force is set as per Lennard-Jones formulation.
Initial conditions of the simulation are listed as follows:
1. Fluid velocity = 0 and pressure = 1 atmospheric pressure. 2. Particles velocity = 0. 3. Particle distribution: For the present study, BASFmade carbonyl iron particles (CIPs) of HQ grade are selected whose size ranges from 1 to 5 µm. Hence, random distribution of the particle diameters has been set on the scale of 1-5 µm. For this distribution, a command for particle diameter is used as '3 × 10 -6 + 4 × 10 -6 × random (particle index)' in metre.
Governing equation for simulation is as follows: CFD simulation is carried out as per Navier-Stokes equations for the base fluid. Moreover, the solid particles of the fluid are allowed to move according to certain conditions which are formulated using the following forces.
Gravitational force (Fg
Thus, the governing equation for the particle movement is expressed in the following equation.
where v, d and m are the velocity, diameter and mass of the particle, respectively; ρ s and ρ f are the density of the particle and fluid, respectively; g is 9.81 m s -2 , π = 22/7; and η and v f are the viscosity and velocity of fluid, respectively.
The MR fluid obeys as the Newtonian fluid without magnetic field in which the MR fluid shows low apparent viscosity. The magnetic particles and carrier fluid of the MR fluid induce relative motion between them due to the gravitational field and a large difference of their mass densities. The relative motion of the magnetic particle causes sedimentation of the MR fluid. Hence, a CFD simulation for this sedimentation study has been conducted as shown in the flow chart in Figure 2 .
The viscosity of the MR fluid (Table 2 ) is a combination state of solid and liquid. In this case, the dynamic viscosity of mixture (solid particles and liquid phase) increases with the addition of solid particles.
11 Hence, the viscosity of the MR fluids is calculated and used for the simulation as follows.
Viscosity of Fluid-1 = 0.00264 Pa.s, Fluid 2 = 0.0014 Pa.s, Fluid 3 = 0.0009 Pa.s.
Start
Input parameters such as viscosity, particle mass, density of fluid and particles and particle size distribution.
Computation of pressure and flow of fluid using NavierStokes equations under specified boundary conditions.
Calculate velocity and position of particles using Equation (1) under the specified boundary conditions. Count and store the number of particles in the specified box of the simulation. Post processing of this data to generate the final plot.
Stop
Figure 2. Flow chart of CFD simulation to study about particle sedimentation in MR fluid.
Experimentation and results
CFD simulation and experimentation are conducted on different types of fluids in which the composition of the MR fluid is varied as shown in Table 2 . These MR fluids are prepared by mixing the ingredients with the help of ball milling operation for 30 minutes as per their compositions (Table 2 ). After preparation of the MR fluids, they are poured in a separate test tube with a scale of least count of 0.2 mm. Thereafter, these three types of MR fluids are monitored and measured under LASER light by visual means as shown in Figure 3 . The monitoring and measurement have been carried out to quantify the sedimentation depth. When sedimentation takes place, the MR fluid shows two different phases in which one phase becomes denser and it becomes optically opaque, but the second phase becomes light and optically transparent as shown in Figure 3(d) . Under the influence of LASER light, a demarcation line between these two phases can be clearly monitored as shown in Figure  3 (d), measured and quantified. The percentage of sedimentation is calculated by the means of measuring the change in position of the demarcation with respect to the total change in the demarcation line after 10 hrs, whereas, the initial position or start point of the demarcation line is taken as the top layer of the fluid as presented in Figure 3(d) . Furthermore, the percentage of sedimentation of theses fluids are plotted in Figure 4 . Figure 4 shows the sedimentation behaviour of the solid particles in the liquid medium (mixture of water and glycerine). This result reveals that the sedimentation behaviour is faster in case of fluid-3, as it contains the least quantity of solid particles (10% of iron particles as shown in Table 2 ). As the percentage of iron particles increase (from fluid-3 to 1), the percentage of sedimentation reduces. This behaviour happens due to a change in the dynamic viscosity of the mixture as per 'Frankel-Acrivos' equation.
Results and discussion
11 After the initial sedimentation time, when it enters to 2 nd region (as mentioned in Figure 4 ), the particles concentration increases at the bottom and leads to an increase in the dynamic viscosity as per the FrankelAcrivos equation, and this is why the 2 nd region shows slow sedimentation as compared to the 1 st region. On the other hand, the behaviour of sedimentation can be categorized into two regions. In the 1 st region (time from 0 to 1000 s as shown in Figure 4) , the particles settled down fast. However, in the 2 nd region (time beyond 1 st region or more than 1000 s), it exhibits comparatively very slow sedimentation which is varying almost linearly with time. Figure  4 shows the simulated and experimental data points which validate the simulation work. Figures 5(a-c) show solid particle sedimentation as the sedimentation time progresses. Figure 5(d) illustrates the particles trajectories in which it is clearly seen that the smaller particles (1 µm diameter which is represented by black colour) travel less distance compared to other particles towards the bottom. Hence, it is observed that the sedimentation occurs mainly due to the gravitational force on the solid particles as shown in Figure 5(a-d) . On the basis of the present CFD simulation study, the model for particle sedimentation is conceived as per the schematic shown in Figure 6 in which 4 significant forces are incorporated. These forces are gravitational force (F g ), buoyancy force (F b ), inter-atomic force between the solid and liquid phase (F IAF ) and viscous force within the liquid phase (F VF ). Note: Where, F g , F b , F IAF and F VF are the gravitational force, buoyancy force, inter-atomic force between the iron particle and liquid medium which would be H-bond and viscous force of the liquid phase, respectively.
The gravitational force and buoyancy force depend on the volume of the solid particle, but the buoyancy force is smaller (1 to 2 orders smaller, which depends on the difference in the mass density of the solid and liquid phases) and opposite to the gravitational force. There are 2 more forces (F IAF and F VF ) which resist sedimentation by acting against the motion of the solid particles. F IAF , inter-atomic force is used to connect the solid phase with the liquid through a secondary force. This inter-atomic force depends on the surface area of the solid particle. In general, the inter-atomic force becomes stronger than the gravitational force. By using the inter-atomic force, the gravitational force gets transferred to the liquid phase which tries to move the solid as well as the neighbouring molecules of liquid, and hence, viscous force induces to resist downward movement as per the viscosity force of Stokes law. The viscous force depends on the size (diameter) of the solid particle. The ratio of the viscous force and gravitational force is inversely proportional to the square of the size of the particle (r -2 ). Therefore, it can be stated that the viscous force dominates when the size of the particles reduces, that is why the sedimentation of the nanoparticles is the least.
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In the present case of the MR fluid, micro-particles are used in which the size of the particles is distributed in the range of 1 µm-5 µm. The inter-atomic force (F IAF ) between the solid particle and liquid phase can be increased by applying nano-coating over the solid particle with low density materials. 13, 14 This increase in the inter-atomic force opposes the gravitational force. Therefore, the net force for sedimentation gets reduced. Moreover, the nano-coated solid particles can be inter-linked through long hydrocarbon chains so that the viscous force from the liquid phase to solid phase should be displacement sensitive. To apply the nano-coating and linking of the solid particles, sodium stearate of a few nanometres size has been used.
A DFT analysis is carried out to understand the chemical reaction behind nano-coating over the CIP surface. This theory is also extended to understand the mechanism of linking between the solid particles.
DFT analysis
Quantum chemical calculations have been carried out with the help of orbital method of DFT using ORCA 3.0.3 programme.
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The DFT is derived from 'Z' particles Schrödinger equation, and it is entirely expressed in terms of the density distribution of the ground state ρ GS (r) and the single particle wave function φ j . The DFT reduces calculations of the ground state properties of the systems of interacting particles exactly to the solution of single-particle Hartree-type equations. This is why it has been very useful for the systems of very many electrons.
The Hartree-type method allows to change the 3Z-dimensional Schrödinger equation ('Z' electrons in 3 dimensions) into a 3-dimensional equation for each electron. This Schrödinger equation depends on the wave functions (as shown in Equation (2)) of other electrons, but it can be solved in a self-consistent way using the variational principle and iterating procedure.
Time-independent Schrödinger equation (general):
The Schrödinger equation is known as a fundamental equation to describe the quantum mechanical behaviour of the atoms/molecules. In this formulation, the kinetic and potential energies are transformed into a Hamiltonian operator (H) which acts a wave function (ψ) to generate the evolution of the wave function (ψ), as shown in Equation (3).
where 'H' is the Hamiltonian operator, 'ψ' is the wave function and 'E' is the energy eigenvalue or proportionality constant.
The unrestricted 'Becke, three-parameters, Lee-YangParr' (B3LYP) functional optimized with basis sets SVP def2 and auxiliary basis sets SVP/J level to understand chemical interaction between Fe-atom (from CIPs) and sodium stearate. The orbit of each electron is optimized in the field of all other electrons through a self-consistent field (SCF) technique.
The molecule structure for the present calculation is constructed using Avogardo software. 16 To reduce the computation effort, sodium stearate chain is reduced as shown in Figure 7 . (a) Atomic model of sodium stearate which is obtained after geometry optimization under universal force field (UFF) [17] using algorithm of 'steepest descent'; (b) Small cut portion of sodium stearate to study the quantum chemical calculation.
During the DFT calculations, the distance between Featom and O-atom of sodium stearate is scanned from 5.0 Å to 1.7 Å. Energy of this molecular interaction is calculated by optimizing molecular geometry and plotted as shown in Figure 8 . Figure 8 , and it reduces energy by 0.6 eV. Furthermore, the structure of these 2 molecules becomes more stable with the H-bond as the Fe-O distance changes from 4.0 Å to 3.5 Å. In this case, the energy reduces by 0.25 eV. Hence, sodium stearate would prefer to make H-bond when it is mixed with iron particle and water as the energy gets stabilized by 0.85 eV (0.6 + 0.25 eV) without any noticeable extent of the required activation energy. Figure 8 .
Based on these quantum chemical investigations, chemical interaction between sodium stearate and CIPs has been derived and discussed further.
When sodium stearate gets dissolved in water, carboxylate anions and sodium cations are produced as shown in Equation (4) .
+ Na
In the same aqueous medium, Fe-atoms from CIPs also have tendency to form Fe 2+ species. As metal ions such as Na + or Fe 2+ make proximity with carboxylate anions, there is a possibility to form either sodium stearate or iron-stearate. Moreover, iron-stearate compound is more stable than sodium stearate as discussed previously, hence, most of the sodium stearate will get transferred into iron stearate at the surface of CIPs as per following equations.
The carboxylate anions can interact with iron micro-particles to form iron-stearate towards nano-coating over the iron particle as illustrated in Figure 9 . In general, the length of the carboxylate is 2.44 nm which is responsible to form nano-coating over the micro particle of CIP as shown in Figure 9 . Furthermore, glycerol is added on this slurry which helps to connect un-shared carboxylate ion with nano-coated CIPs, and it results in multiple layering of carboxylate ions by using hydrogen bond which is weaker as compared to Fe-carboxylate bond (ionic bond). Hence, the final model of CIPs in this fluid is presented in Figures 10(a-b) . Because of single-layer and multi-layer nano-coating over CIPs, the maximum packing factor of CIPs gets reduced, and it leads to reduced particle agglomeration as well as particle sedimentation.
Synthesis of MR fluid with sodium stearate
The MR fluid is now prepared by adding sodium stearate by stirring it with water, glycerol and iron particles at temperature equal to 80 °C. This solution is stirred for homogeneous mixing until 30 minutes. Thereafter, the synthesized MR fluid is cooled at room temperature under ambient air cooling.
Preparation of the MR fluid
The final MR fluid is prepared which is named as Fluid-4, and their composition is given in Table 3 . All the MR fluids (Fluid-1, Fluid-2, Fluid-3 and Fluid-4) are placed on the test tubes with labelled scale which is having resolution of 0.2 mm. The sedimentation of the MR fluid is captured under laser light to compute the sedimentation depth.
The MR Fluid-4 was continuously monitored up to 10 hrs, and the demarcation line was not detected. Thus, it is identified that the present experimental work of the Fluid-4 shows extremely low sedimentation as time progresses, and hence the percentage of sedimentation was not evaluated for the MR Fluid-4. Hence, sodium stearate improves the physical stability of the MR fluid against sedimentation. The water-based MR fluid for CMMRF and other applications can be synthesized by using sodium stearate and glycerol at warm condition (80 °C) for better repeatability of the process outcome.
